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Abstract 
We have previously shown in our previous investigations that the presence of oxygen 
is required for the benzene methylation with methane over zeolite catalysts in a high 
pressure batch reactor. Thus, a two-step mechanism involving the formation of 
methanol intermediate by methane partial oxidation followed by benzene methylation 
with methanol in the second step was postulated. This paper now presents the results 
of further investigation that provide more evidence that the catalytic benzene 
methylation with methane does occur and that the reaction is limited by the amount of 
oxygen. Further support is therefore given to the two-step oxidative reaction 
mechanism. Suggestions for further work in this area are also given. 
Keywords: Methane conversion, oxidative benzene methylation, zeolite catalysts, 
ZSM-5. 
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1. Introduction 
The catalytic conversion of methane to higher hydrocarbons, including aromatic 
products, is a process of great practical importance due to its potential for liquefaction 
of natural gas. One possible new route for methane conversion that has been reported 
recently in the literature is the methylation of aromatic compounds with methane. For 
example, the direct methylation of naphthalene, toluene and phenol with methane 
over various metal-substituted aluminophosphate molecular sieves in a high pressure 
batch reactor has been reported [1, 2]. Other investigations [3, 4] have also 
demonstrated the incorporation of methane in the presence of Cu-beta, H-beta and 
CuZSM-5 into various organic substrates (e.g. benzene, toluene, phenol) which model 
petroleum, coal and liquefaction residue structures. The methylation of benzene with 
methane over zeolite catalysts in both high pressure flow reactor [5] and batch reactor 
[4] has also been reported. However, the high pressure flow reactor study [5] 
demonstrated, through the use of 
13
C labelled methane, that the methyl groups in the 
methylated aromatic products did not originate from the methane reactant. 
It has now been shown by our recent investigations [6, 7] that the presence of oxygen 
is required for the production of the methylated products in the methylation of 
benzene with methane at 400 ºC over ZSM-5 catalysts in a high pressure batch 
reactor. In these studies, it was also observed that when catalyst was excluded and the 
batch reactor was flushed with oxygen prior to adding methane, methanol was the 
major product obtained (about 86 % selectivity [7]). Furthermore, the methanol was 
not detected in the presence of zeolite catalysts when oxygen was introduced into the 
reactor suggesting that all the methanol, being more reactive than the initial methane 
reactant, was consumed to form methylated products over the catalysts. Another 
experiment in which catalyst was included but benzene excluded yielded significant 
amounts of aromatic hydrocarbons (mainly benzene, toluene and xylenes). These 
products are those expected for methanol conversion over acid zeolites. Such 
methanol-to-aromatics conversion has recently been shown to make significant 
contribution to benzene methylation reaction [8].  
Our recent investigations [6, 7] have also indicated that the addition of methanol to 
the batch reactor containing benzene, methane and catalyst which had been totally 
purged of oxygen gave conversions and product selectivities similar to those found in 
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the presence of oxygen. For example, addition of 1.2 mole% methanol gave 0.75% 
conversion of benzene to toluene, and 10.4 mole% methanol gave 5.6% conversion of 
benzene. It has been demonstrated too that there is no significant effect on benzene 
conversion and selectivity to toluene and other aromatic products on increasing the 
reaction time beyond 2 hours [6, 7]. This cannot be due to catalyst poisoning (e.g. by 
coke deposition) since it has been shown that catalysts recovered from the reactor 
could be reused without loss of performance [9]. The observation can rather be 
attributed to the reaction being limited by the amount of oxygen in the reactor. Thus, 
the reaction was postulated, based on these observations, to go via a two-step 
mechanism involving the intermediate formation of methanol by partial oxidation of 
methane followed by the methylation of benzene with methanol in the second step. 
That is, the two steps of the reaction are represented by equations 1 and 2: 
 CH4  +  
2
1 O2    →     CH3OH                                                                           (1) 
 CH3OH  +  C6H6    →      C6H5CH3  +  H2O                                                    (2) 
The overall reaction is thus given by equation 3:   
  C6H6  +  CH4  +  
2
1 O2    →     C6H5CH3  +  H2O                                            (3)                         
In support of this mechanism, the performance of the catalysts for both the benzene 
methylation with methanol (low pressure flow reaction) and with methane in the 
presence of oxygen (high pressure batch reaction) have subsequently been found to 
show excellent correlation [10]. The results of the spectroscopic and powder X-ray 
diffraction of the various zeolite catalysts used for these benzene methylation 
reactions have just been reported [9]. 
In this paper, we report the results of our experiments that provide further evidence 
that the catalytic methylation of benzene with methane in the batch reactor does occur 
and that the reaction is limited by the amount of oxygen in support of the two-step 
oxidative methylation reaction mechanism.  
 
 
 5
2. Experimental 
2.1 Catalyst preparation and catalytic experiments 
The zeolite catalyst used in this study was a commercial sample of HZSM-5 (PQ 
Corporation, SiO2/Al2O3 = 35). The Na-exchanged catalyst that was also used was 
prepared by conventional ion exchange into the HZSM-5 sample with aqueous 
sodium nitrate. The Co-, Mn- and Cu-exchanged zeolites were then prepared from the 
NaZSM-5 produced by ion exchange with appropriate metal salts. A detailed 
description of the preparation of these metal-exchanged ZSM-5 catalysts has been 
reported elsewhere [7].  All the reactions were carried out at 400 ºC and 6.9 MPa 
pressure (measured at room temperature) in a 71 ml Parr batch reactor fitted with a 
glass liner. In each experiment, 55 mg of catalyst and 465 µl of benzene were placed 
in the reactor which was then charged with 6.9 MPa chemically pure (> 99.0% pure) 
or ultrahigh purity (> 99.7% pure) methane. Experiments with and without catalysts 
were conducted. Blank runs with catalyst but involving 6.9 MPa nitrogen or 6.9 MPa 
hydrogen in place of methane were also carried out. Other details of the experimental 
procedures for the catalytic experiments are similar to those published recently [6]. 
The details of the GC and GC/MS analysis of the reaction products and the 
measurement of zeolite acidities using FTIR of adsorbed pyridine have been 
described elsewhere [10] 
2.2 Gas phase analysis of reaction products 
Some methane/benzene batch reaction experiments were performed at 400 ºC and 6.9 
MPa pressure over HZSM-5 in which the gases in the reactor were sampled after 
reaction with a syringe and then analysed using GC. In other words, the reaction 
products and unreacted benzene were not recovered after reaction by dissolution in 
dichloromethane as was done in standard batch reaction runs [6]. Hence, autoclave 
was not cooled below to room temperature or opened to the atmosphere. A 5 ml 
syringe was used to sample the reactor gas and about 0.5 ml of the gas phase sample 
of the reaction products was injected into each of two gas chromatographs. A 
Hewlett-Packard Model 5890A Gas Chromatograph equipped with a 50% 
trifluoropropyl methyl polysiloxane capillary column and a flame ionisation detector 
(FID) was used for gas analysis of the aromatic products. Other details about the 
analysis using this GC are as described in our earlier paper [10]. The other Gas 
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Chromatograph, Shimadzu Model GC-8A equipped with a thermal conductivity 
detector (TCD) and a Zeolite A packed column (2 m x 3 mm), was used at 100 ºC for 
the detection and separation of CH4 and any CO, CO2, O2, H2 and N2. 
3. Results 
3.1 Further evidence for catalytic methylation with methane 
Representative results for reactions using chemically pure (CP) methane grade at the 
batch reaction conditions of 400 ºC and 6.9 MPa methane pressure in the presence of 
residual air are shown in Table 1. Table 1 demonstrates further the importance of the 
presence of ZSM-5 zeolite catalysts for the conversion of benzene to methylated 
products since the blank run without a catalyst yielded only 0.8 % benzene conversion 
compared with 8-9% conversion obtained when catalysts were included. The major 
products were again observed to be predominantly toluene together with smaller 
amounts of ethylbenzene and xylenes as reported earlier for reaction utilising 
ultrahigh purity methane [6, 9, 11]. Table 1 also indicates that there is no significant 
change in the benzene conversions over HZSM-5 and all the metal-exchanged ZSM-5 
samples as observed previously [6]. Hence, the overall activity appears to be 
independent of the metal exchanged into the ZSM-5 zeolite. However, the HZSM-5 
catalyst was found to be more selective to toluene (~ 66%) than the other catalysts 41-
51%). Consequently, the HZSM-5 catalyst exhibited lower selectivity to ethylbenzene 
(~ 17%) than the other catalysts (~ 29-41%). On all the catalysts, the selectivity to 
toluene is relatively lower with corresponding higher selectivity to ethylbenzene than 
the values reported earlier [6, 9] for reactions involving ultrahigh purity (UHP) 
methane. The 8-9% benzene conversion on the catalysts is also about twice the values 
obtained earlier for experiments utilising UHP methane under the same conditions. 
The observed higher benzene conversions and higher selectivity to ethylbenzene (or 
lower selectivity to toluene) than the previous reported figures for UHP methane 
experiments have been attributed to the presence of higher levels of ethylene and 
oxygen impurities present in the CP methane used in the present study [11].  
Table 1 also shows the result of blank runs with catalysts in which methane was 
replaced by 6.9 MPa nitrogen or 6.9 MPa hydrogen. The nitrogen runs were 
conducted to determine whether methane was important for the reaction of benzene to 
give methylated products and the extent of any disproportionation reaction. The 
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hydrogen runs were performed to determine whether there was any hydrocracking 
reaction on the catalysts. The results shown in Table 1 indicate that all the nitrogen 
runs gave ≤ 0.3 % benzene conversion while the hydrogen runs gave ≤ 1 % benzene 
conversion on all the ZSM-5 catalysts. The negligible benzene conversions for both 
runs therefore indicate that the presence of methane is important for the conversion of 
benzene to methylated products and that there is no significant disproportionation or 
hydrocracking of benzene on all the ZSM-5 catalysts. In other words, the methylated 
products result mainly from the benzene methylation reaction. The lack of 
disproportionation or hydrocracking reactions on these catalysts is in contrast to what 
was observed in the reaction of toluene with methane which showed significant 
amounts of these reactions [7, 12]. Some cracking of benzene on more acidic H-beta 
catalyst has also been observed [6, 11].  
3.2 Further evidence for the oxygen-limiting nature of the methylation reaction 
3.2.1 Results of gas phase analysis of reaction products 
In order to determine qualitatively and quantitatively the reaction products in the gas 
phase, two batch reaction experiments were performed at 400 ºC and 6.9 MPa 
pressure over HZSM-5 and the gases in the reactor after reaction were sampled with 
syringe and then analysed using GC. One experiment was performed with residual air 
present in the reactor prior to charging with 6.9 MPa UHP methane, thus giving about 
0.31 % oxygen in the reactor. The other experiment involved introduction of 1.42 
atm. oxygen into the reactor prior to charging with 6.9 MPa UHP methane (i.e. about 
2.1 % O2). No C2+ non-aromatic hydrocarbon products, carbon monoxide, carbon 
dioxide and hydrogen were detected in both experiments. Further gas phase analyses 
were not carried out since the quantity of gas phase products was very small in 
comparison to the large excess of methane. The fact that no C2+ non-aromatic 
products were detected could suggest that either the amounts of these substances 
produced were too small to be detected by GC or that they participated in secondary 
reaction with benzene to produce the observed higher alkylated benzenes in addition 
to toluene. Previous investigation of the reaction of methane with benzene over 
zeolite catalysts at 400 ºC and 4.8 MPa pressure has also failed to detect any C2+ non-
aromatic hydrocarbons [5]. There also appears to be no significant complete or 
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incomplete combustion of the methane used due to the failure to detect any CO or 
CO2 in the gas products. 
Besides the large excess of methane reactant, large amount of benzene reactant and a 
negligible amount of toluene, the only gases detected by GC analyses of the gases in 
the reactor were oxygen and nitrogen. Table 2 shows the quantities of oxygen and 
nitrogen detected. It is interesting to note that Table 2 clearly indicates drastic 
reduction in the amount of oxygen in the reactor after the reaction. In particular, the 
observed unreacted oxygen to nitrogen ratio of 0.069 for the experiment involving the 
presence of residual air (i.e. 0.21 atm. O2) before reaction is much less that the value 
of 0.27 for normal clean, dry air. These results therefore give further proof that 
oxygen took part in the reaction to form methanol intermediate via partial oxidation of 
methane. 
3.2.2 Estimation of yield of toluene product in terms of moles of oxygen converted 
In order to confirm further that the conversions observed in the reactions of methane 
with benzene in the presence of oxygen are oxygen limited, the yields of toluene 
formed in terms of moles of oxygen converted on HZSM-5 were estimated from two 
experiments performed in the presence of residual air (i.e. 0.21 atm. oxygen) and 1.42 
atm. O2, respectively. The experiments were performed using UHP grade methane at 
400 ºC and 6.9 MPa pressure, one for 3 hours and the other for 4 hours. The 
percentage of oxygen converted which was used to calculate the number of moles of 
oxygen consumed was estimated from the gas phase GC analysis of reaction products 
presented in Table 2. The results of the calculations of toluene yields are presented in 
Table 3. Table 3 shows that the moles of toluene produced was less than the moles of 
oxygen converted in both experiments thereby confirming further that the reactions 
were limited by the amount of oxygen. In other words, the role of oxygen is 
stoichiometric rather than merely catalytic. These results therefore provide further 
support for the formation of methanol as a key intermediate product for methane 
reaction with benzene to yield methylated products. 
4. Discussion 
The question of whether or not methane can be activated over zeolite catalysts to 
methylate aromatics is an important one to answer in the context of new routes for the 
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utilisation of methane derived from natural gas. As mentioned earlier in the 
introduction section, previous studies by Long et al. [2, 13] have demonstrated using 
13
C labelled methane that the source of methyl groups in the methylated aromatic 
products of the reaction of methane with naphthalene, toluene and phenol in a high 
pressure batch reactor over substituted aluminophosphate molecular sieves was 
predominantly the methane reactant. This then implied actual activation of the 
methane molecule. Subsequently, other workers have also reported activation and 
incorporation of methane over Cu-beta, H-beta and CuZSM-5 catalysts into a wide 
variety of organic substrates which model petroleum, coal and liquefaction residue 
structures [3] as well as into a range of coals over aluminophosphate or zeolite 
catalysts [14]. 
However, through the use of tracer experiments with 
13
CH4, Lunsford et al. [5] have 
also demonstrated that when benzene was reacted with methane over acidic H-beta 
zeolite catalyst in a high pressure flow reactor, the methyl group in the methylated 
products did not originate from the methane reactant. These workers then concluded 
that the methylated products were formed by the cracking of the benzene reactant, and 
observed that activity for this reaction was only present in strongly acidic zeolites.  
We have therefore been conducting a series of investigations on benzene reaction with 
methane in the batch reactor over ZSM-5 and H-beta catalysts in order to determine 
whether methane can actually be activated over the catalysts to methylate aromatic 
molecules like benzene, thus resolving the disagreements in the previous reported 
studies. We have reported in our recent investigations [6, 7] that oxygen was a crucial 
requirement for the methylation of benzene with methane in a high-pressure batch 
reactor. On the basis on the various observations in these previous studies, the 
reaction was then postulated to go via a two-step mechanism involving the formation 
of methanol as a key intermediate product by partial oxidation of methane. The 
methanol intermediate is then used to methylate benzene in the second step. However, 
in the case of zeolite H-beta that exhibits strong acidity, it was observed in these 
investigations that methyl aromatics could be formed in the absence of oxygen. This 
is consistent with the earlier report by Lunsford et al. [5] that these products are 
formed from the cracking of benzene over the acidic zeolite. The two-step mechanism 
for the less acidic zeolites was subsequently supported by the observation that the 
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performance of the catalysts used for the methylation of benzene with methanol in a 
low-pressure flow reactor correlated excellently with the performance of the same 
catalysts used for the high pressure batch reaction of benzene with methane in the 
presence of oxygen [10].  
The results of this work presented in Table 1 have provided further convincing 
evidence that the same zeolite materials that were used in our previous studies 
exhibited some catalytic effect for the benzene methylation in a batch reactor and that 
the methane participated in the reaction to produce the methylated products. Table 1 
has also indicated clearly that the undesired disproportionation and hydrocracking 
reactions that could hinder the methylation reaction were negligible in contrast to the 
significant amounts of such reactions that were observed previously in the reaction of 
toluene with methane [7, 12]. However, the data presented in Tables 2 and 3 have also 
shown again that the participation of methane in the reaction is limited by the amount 
of oxygen present in the reaction system. In other words, the methane reacted 
stoichiometrically first with oxygen to form the key methanol intermediate prior to the 
methylation of benzene with the methanol in the second step according equations 1 
and 2.  These results have therefore provided further support for the two-step 
oxidative reaction mechanism proposed previously.  
5. Concluding remarks and suggestions for future work 
In terms of new pathways for catalytic activation of methane, these findings are 
disappointing since it appears that the zeolites investigated in our series of 
investigations are not capable of directly activating methane under the relatively mild 
conditions employed. The function of the zeolite catalysts in the high pressure batch 
reactor appears to be the provision of acid sites of moderate strength to catalyse the 
methylation of benzene (or other aromatics) by methanol [6, 7]. Strong acidity such as 
that exhibited by zeolite H-beta causes cracking of the aromatics and should therefore 
be avoided [5-7]. 
However, it has now been convincingly demonstrated that in-situ methylation using 
methane can be achieved by combining methanol synthesis by partial oxidation of the 
methane with methylation of aromatics. This concept is very similar to the earlier 
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demonstration by Gesser et al. [15] that methane partial oxidation could be combined 
with methanol conversion to gasoline in a two-stage continuous flow reactor. 
Furthermore, though there is now substantial evidence from our investigations that the 
methylation of benzene with methane at 400 ºC in a high pressure batch reactor over 
ZSM-5 and H-beta catalysts is a two-step reaction involving the presence of oxygen 
reactant as a crucial requirement, further work definitely still needs to be done. For 
instance, more flow reaction experiments involving introduction of varying safe 
amounts of oxygen at different reaction conditions would be a worthwhile future work 
as this would provide more detailed information about the two-step mechanism and 
particularly the mechanism of methane activation by the zeolites for subsequent 
conversion to methanol. Meanwhile, Kudo et al. [16, 17] have suggested that methane 
activation could occur by active lattice oxygen on silicas and Si-rich ZSM-5 through 
hydrogen abstraction and CH3 radical formation and subsequent formation of 
methanol and formaldehyde from methoxy species. 
It would also be worthwhile to investigate this oxidative methylation reaction in both 
batch and flow reaction systems using other aromatic substrates. These substrates 
would be those that have previously been reported to undergo direct methylation with 
methane over aluminophosphate catalysts such as naphthalene, toluene and phenol [2, 
13]. Other substrates that model petroleum, coal and liquefaction residue structures 
(eg benzene, diphenylmethane, biphenyl, diphenyl sulfide, diphenyl ether and 
dinaphthol) [3] that have also been demonstrated to have methane incorporated into 
them over Cu-beta, H-beta and CuZSM-5 should also be investigated.  
The effect of diffusion on catalytic performance of the zeolite catalysts would also be 
suitable for further study. This is because it is always difficult to compare intrinsic 
activity between zeolites due to the effect that diffusion has on reaction rates and 
product selectivity. Further investigation focussing on comparisons between catalysts 
as a function of conversion as well as temperature might also provide useful 
information. 
One interesting observation in this present work that is of direct relevance to those 
who study the conversion of methane to methanol is that it is possible to inhibit the 
complete oxidation of methane to CO2 in the presence of an additive. This observation 
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therefore extends the significance of this work and it is suggested that this avenue 
could be explored further for optimisation of the conversion of methane to methanol. 
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Table 1. Conversion of benzene and selectivity to products for the reaction of benzene 
with (1) methane + air, (2) under nitrogen and (3) under hydrogen 
1. Methane + Air
a
 
  Selectivity to Products (%) 
Catalyst Conversion (%) Toluene Ethylbenzene Xylenes 
none 0.77 33.3 10.0 28.9 
HZSM-5 9.32 65.7 17.4 15.5 
CoZSM-5 8.14 48.1 31.5 18.5 
MnZSM-5 8.46 40.6 40.6 16.4 
CuZSM-5 8.02 41.4 37.7 18.5 
NaZSM-5 7.93 51.4 28.8 18.2 
2. Nitrogen
b
 
  Selectivity to Products (%) 
Catalyst Conversion (%) Toluene Ethylbenzene Xylenes 
HZSM-5 0.08 65.4 34.6 - 
CoZSM-5 0.28 63.0 28.1 8.88 
MnZSM-5 0.14 61.1 38.9 - 
CuZSM-5 0.07 66.0 34.0 - 
NaZSM-5 0.18 54.2 33.2 12.6 
3. Hydrogen
c
 
  Selectivity to Products (%) 
Catalyst Conversion (%) Toluene Ethylbenzene Xylenes 
HZSM-5 1.25 65.1 22.6 12.3 
CoZSM-5 1.06 50.8 37.1 9.62 
MnZSM-5 0.76 46.8 36.5 16.6 
CuZSM-5 0.30 36.9 50.5 5.61 
NaZSM-5 0.29 60.2 39.8 - 
a
 400 C, 6.9 MPa CP grade methane, 4 h reaction time, no removal of residual air. 
b
 400 C, 6.9 MPa nitrogen, 4 h reaction time, no removal of residual air (i.e. same 
reaction conditions as for methane, except that methane is replaced with nitrogen). 
c
 Same reaction conditions as for methane except that residual air is removed and 
methane is replaced with hydrogen.  
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Table 2. Results of GC analyses of gases obtained from 4 hours reaction of UHP 
grade methane with benzene over HZSM-5 at 400 ºC and 6.9 MPa pressure 
 
Amount of O2 in reactor (O2 in) % unreacted  Unreacted 
Pressure (atm.) % of total pressure O2 (O2 out) % N2 detected O2:N2 ratio 
0.21 (1atm. air) 0.31 0.09 1.31 0.069 
1.42 2.09 1.15 2.24 0.51 
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Table 3. Estimation of toluene yield per mole of oxygen converted on HZSM-5 
for two experiments (Reaction conditions: 400 ºC; 6.9 MPa UHP methane)  
 
 Initial amount of O2 used 
 Experiment 1
a 
Experiment 2
b 
 0.21 atm. (4.98 x10
-4
 
mole) 
1.42 atm. (3.37 x 10
-3
 
mole) 
Moles of O2 converted, A 3.54 x 10
-4 
1.52 x 10
-3 
Initial moles of benzene used, B 5.23 x 10
-3 
5.23 x 10
-3 
% Benzene converted, C 4.17 10.1 
Moles benzene converted, D = 
100
BC  2.18 x 10
-4 
5.28 x 10
-4 
% Toluene selectivity, E 93.0 84.6 
Moles toluene formed, F = 
100
DE  2.03 x 10
-4 
4.47 x 10
-4 
% Yield of toluene formed, G = 
A
100F  57.4 29.5 
a
 Reaction time for experiment 1 is 3 hours.  
b
 Reaction time for experiment 2 is 4 hours. 
 
 
 
 
 
 
